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A dynamical investigation of the nucleon-nucleon (NN) interaction by using the resonating group method
(RGM) in a chiral SU(3) quark model has been revisited. The considered quark-quark interaction includes,
besides the one-gluon exchange (OGE) and the phenomenological confinement potential, the nonet scalar and
pseudoscalar meson exchanges derived from the spontaneous SU(3) chiral symmetry breaking. The physical
consistency requirement that the wave functions of single baryons satisfy the minimums of the Hamiltonian has
been strictly imposed in determination of the model parameters. The calculated masses of the octet and decuplet
baryon ground states, the binding energy of the deuteron, and the NN scattering phase shifts up to a total angular
momentum J = 6 are in satisfactory agreement with the experiments.
PACS numbers: 13.75.Cs, 12.39.Jh, 14.20.-c, 12.39.Fe
I. INTRODUCTION
Hadrons are composed of quarks and gluons. It is thus
an exciting challenge to understand the phenomena of hadron
physics directly from these fundamental degrees of freedom.
Despite the progress made in understanding the consequence
of quantum chromodynamics (QCD), the theory of strong in-
teractions, the complexity of this theory in its non-perturbative
region forces us to employQCD inspiredmodels in study of the
hadron structures and the hadron-hadron interactions. Among
these models, the constituent quark model has shown to be
quite successful in describing the single baryon properties and
the nucleon-nucleon (NN) and hyperon-baryon (Y N) interac-
tions [1–14]. In Refs. [15–19], progress has also been made in
understanding the kaon-nucleon (KN) and antikaon-nucleon
(K¯N) interactions in a chiral constituent quark model. On the
hadron level, the NN interaction has been well described in
effective field theory [20, 21].
In the constituent quark model study of NN interaction, the
one-gluon exchange (OGE) is found to be one of the most im-
portant sources of the short-range repulsion [1–12]. Therefore,
to get a proper understanding of the NN short-range interaction
mechanism on a quark level, one needs a credibly determina-
tion of the coupling strengths of OGE. In earlier quark model
investigations, the OGE coupling constants are usually deter-
mined by the mass differences of N − ∆ and Λ − Σ, where
the masses of single baryons are calculated as the averaged
values of the Hamiltonian with the spacial wave functions of
constituent quarks described by Gaussian wave functions. The
assumption behind this strategy of the OGE couplings deter-
mination is that the harmonic oscillator size parameters in the
Gaussian wave functions are the same for all single baryons.
Under such an assumption, the matrix elements of the kine-
matic energy and the confinement potential for N will be the
same as those for ∆. A similar situation applies to Λ and Σ.
Consequently, the mass differences of N − ∆ and Λ − Σ only
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come from the one-boson exchanges (OBEs) generated by the
quark and chiral-field coupling and the OGE. One can then fix
the OGE couplings by the mass differences of N −∆ andΛ−Σ
with the parameters in OBEs being predetermined.
The problem for choosing the same size parameter in Gaus-
sian wave functions for all single baryons is that the masses of
baryon ground states are not guaranteed to be the minimums
of the Hamiltonian, contradictory to the variational principle.
In other words, the wave functions chosen for single baryons
are not consistent with the model Hamiltonian. Physically, it
is hard to understand why different baryons, e.g. N and ∆, or
Σ and Σ∗, have exactly the same sizes although their Hamilto-
nians are different due to their different quantum numbers. In
earlier quark model calculations, usually the nucleon is set to
be the minimum of the Hamiltonian by a particular choice of
the values for other model parameters, e.g. the parameters in
the confinement potential. One then needs to be very careful
when extends the model from the study of NN interaction to
other baryon-baryon (BB) systems. There may be cases that
one needs to introduce additional channels to lower the energy
of the considered BB system. These channels might not be
physical ones, but are partially needed to change the internal
wave functions of the single baryons. Due cautions should be
taken in explaining the configuration structure of any bound
BB states obtained in such cases. In Refs. [22, 23], Ohta et al.
and Liu found that a stability condition of the nucleon should
be satisfied to make a meaningful discussion of the NN in-
teraction. It is natural to expect that such an observation also
holds for other BB systems.
In this work, we reinvestigate the NN interaction in the
framework of resonating group method (RGM) within a chi-
ral SU(3) quark model. The quark-quark interaction includes
the OGE, the phenomenological confinement potential, and
the nonet scalar and pseudo-scalar meson exchanges gener-
ated from the spontaneous SU(3) chiral symmetry breaking.
The major difference between the present work with earlier
quark model calculations is that the quark-quark interaction
employed in the present work is constrained to describe the
energies of single baryons, the binding energy of deuteron, and
the NN scattering phase shifts in a rather consistent manner
2without introducing any additional parameters. Specifically,
in the present work, the harmonic oscillator size parameters
for constituent quarks are not treated as predetermined param-
eters and taken to be the same for all single baryons. Instead,
they are determined by variationalmethod in calculation of the
energies of single baryon ground states, which ensures that all
single baryons are minimums of the Hamiltonian. The model
parameters in Hamiltonian are then adjusted to simultaneously
match the calculated energies of single baryons, the binding
energy of the deuteron,and the predicated NN scattering phase
shifts with their experimental values. We mention that this is
the first chiral quark model investigation where the octet and
decuplet baryon ground states and the NN interactions are
handled in a consistent manner. It is expected that the results
will bemore reliable when one extends the presentmodel from
the study of NN interaction to other BB systems, especially to
the search for dibaryons, which is expected to be done in our
next step work.
The paper is organized as follows. In the next section, we
review the main aspects of the chiral SU(3) quark model, the
description of the baryon ground states, the formulation of
RGM, and the determination of the model parameters. The
results for masses of octet and decuplet baryon ground states,
the binding energy of deuteron, and the NN scattering phase
shifts are shown and discussed in Sec. III. Finally, the summary
and conclusions are drawn in Sec. IV.
II. FORMULATION
A. The chiral SU(3) quark model
The idea and details of the chiral SU(3) quark model can
be found in Refs. [9, 15, 16]. Here we just present the main
features of this model.
The quark and chiral field interaction Lagrangian in the
flavor SU(3) case can be obtained by a linear generalization of
the SU(2) linear σ-model, which gives
LchI = −gchψ¯
(
8∑
a=0
σaλ
a
+ iγ5
8∑
a=0
piaλ
a
)
ψ. (1)
Here ψ is the quark field, pia and σa (a = 0, 1, ..., 8) are nonet
pseudoscalar and scalar fields, λa is the Gell-Mann matrix
of the flavor SU(3) group, and gch the quark and chiral-field
coupling constant. Clearly, this Lagrangian is invariant under
the infinitesimal chiral SU(3)L × SU(3)R transformation. In
practice, a form factor F(q2) will be inserted into the vertices
of quark and chiral field coupling to describe the chiral-field
structure,
F(q2) =
(
Λ
2
Λ2 + q2
)1/2
, (2)
with the cutoffmassΛ indicating the chiral symmetry breaking
scale [24–26]. Equations (1) and (2) result in the following
chiral field induced potentials between the ith and jth quarks:
Vchij =
8∑
a=0
V
σa
ij
+
8∑
a=0
V
πa
ij
, (3)
with
V
σa
ij
= − C(gch,m′σa,Λ)Y1(m′σa,Λ, rij )
(
λai λ
a
j
)
+ V
σa
ls
(r ij ), (4)
V
πa
ij
= C(gch,m′πa,Λ)
m′2πac
a
ij
48
Y3(m′πa,Λ, rij )
× (σi · σ j ) (λai λaj ) + Vπaten (r ij ), (5)
and
V
σa
ls
(r ij ) = − C(gch,m′σa,Λ)
m′2σa s
a
ij
8
Z3(m′σa,Λ, rij )
× [L · (σi + σ j ) ] (λai λaj ) , (6)
V
πa
ten (r ij ) = C(gch,m′πa,Λ)
m′2πac
a
ij
48
H3(m′πa,Λ, rij )
× [3 (σi · rˆ ij ) (σ j · rˆ ij ) − σi · σ j ] (λai λaj ) ,
(7)
where
C(gch,m,Λ) =
g
2
ch
4pi
Λ
2
Λ2 − m2 m, (8)
Y1(m,Λ, r) = Y (mr) − Λ
m
Y (Λr), (9)
Y3(m,Λ, r) = Y (mr) −
(
Λ
m
)3
Y (Λr), (10)
Z3(m,Λ, r) = Z(mr) −
(
Λ
m
)3
Z(Λr), (11)
H3(m,Λ, r) = H(mr) −
(
Λ
m
)3
H(Λr), (12)
Y (x) = 1
x
e−x, (13)
Z(x) =
(
1
x
+
1
x2
)
Y (x), (14)
H(x) =
(
1 +
3
x
+
3
x2
)
Y (x), (15)
caij =

4
mimj
, (a = 0, 1, 2, 3, 8)(
mi + mj
)2
m2
i
m2
j
, (a = 4, 5, 6, 7)
(16)
3saij =

1
m2
i
+
1
m2
j
, (a = 0, 1, 2, 3, 8)
2
mimj
, (a = 4, 5, 6, 7)
(17)
and mi and mj are masses of the ith and jth constituent quarks.
m′σa and m
′
πa
are related to the mass of scalar meson, mσa ,
and the mass of pseudoscalar meson, mπa , by
m′σa =

mσa, (a = 0, 1, 2, 3, 8)√
m2σa −
(
mi − mj
)2
, (a = 4, 5, 6, 7)
(18)
m′πa =

mπa, (a = 0, 1, 2, 3, 8)√
m2πa −
(
mi − mj
)2
. (a = 4, 5, 6, 7)
(19)
The relations for a = 4, 5, 6, 7 in Eqs. (18) and (19) come
from an explicit treatment of the mass difference of u(d) and
s quarks in the derivation of potentials of Eqs. (4) and (5) for
κ- and K-exchange from the quark and chiral field interaction
Lagrangian of Eq. (1).
For pseudoscalarmeson exchanges, the fact that the physical
η and η’ are mixing states of η0 and η8 is considered in the
calculation: {
η = η8 cos θ
PS − η0 sin θPS,
η′ = η8 sin θPS + η0 cos θPS,
(20)
with the mixing angle θPS taken to be the empirical value
θPS = −23◦.
Apart from the potentials from OBEs given in Eq. (3), to
study the hadron structure and hadron-hadron dynamics, one
still needs the potential from OGE,
VOGEij =
gigj
4
(
λci · λcj
) { 1
rij
− pi
2
δ(r ij )
[
1
m2
i
+
1
m2
j
+
4
3
1
mimj
(
σi · σ j
) ]}
+ VOGEls (r ij ) + VOGEten (r ij ),
(21)
with
VOGEls (r ij ) = −
gigj
4
(
λci · λcj
) m2i + m2j + 4mimj
8m2
i
m2
j
1
r3
ij
× [L · (σi + σ j ) ] , (22)
VOGEten (r ij ) = −
gigj
4
(
λci · λcj
) 1
4mimj
1
r3
ij
× [3 (σi · rˆ ij ) (σ j · rˆ ij ) − σi · σ j ] , (23)
and a phenomenological confinement potential of which the
frequently used linear and quadratic types are considered in
the present work,
Vconfij =

−
(
λci · λcj
) (
aijrij + a
0
ij
)
, (Model I)
−
(
λci · λcj
) (
aijr
2
ij
+ a0
ij
)
. (Model II)
(24)
The total Hamiltonian for a multiquark system can then be
written as
H =
N∑
i=1
(
mi +
p2
i
2mi
)
−
(∑N
i=1 pi
)2
2
∑N
i=1 mi
+
N∑
j>i=1
(
Vconfij
+ VOGEij + V
ch
ij
)
, (25)
with pi being the three-momentum of the ith quark, and N
being the number of quarks for the system considered.
B. Baryon ground states
The antisymmetrized wave function for decuplet or octet
ground state baryon B in spin-flavor-color-orbit space can be
written as
ΨB =

Φ
S
B
χS
B
ζB, (decuplet)
1√
2
( ∑
MX=MS,MA
Φ
MX
B χ
MX
B
)
ζB, (octet)
(26)
where ΦB, χB and ζB are wave functions of baryon B in
orbit-flavor, spin and color spaces, respectively, with the su-
perscripts S, MX denoting symmetric and mixed-symmetric
under interchange of any pair of quarks in the corresponding
space. Note that the baryon wave functions in orbit and flavor
spaces are coupled together, since the mass of strange quark
ms is different from that of up (down) quark mu (md),
Φ
S
B =
∑
f1 f2 f3
CSB( f1 f2 f3)ψ(r1r2r3; f1 f2 f3) | f1 f2 f3〉 , (27)
Φ
MX
B =
∑
f1 f2 f3
CMXB ( f1 f2 f3)ψ(r1r2r3; f1 f2 f3) | f1 f2 f3〉 , (28)
where fi is the flavor of the ith quark, CB( f1 f2 f3) the
SU(3) Clebsch-Gordon coefficient in flavor space, and
ψ(r1r2r3; f1 f2 f3) the orbit wave function for three quarkswith
flavor contents f1 f2 f3. The orbit wave function is determined
by the variational method with the trial wave function taken to
be a product of Gaussian functions,
ψ(r1r2r3; f1 f2 f3) =
3∏
i=1
(
1
pib2
i
)3/4
exp
[
− 1
2b2
i
r2i
]
. (29)
With the assumption that the harmonic oscillator frequency is
the same for u, d and s quarks which ensures that the three-
quark center-of-mass motion is irrelevant to the calculation,
the size parameter for strange quark, bs, is related to that for
up quark, bu , by
bs =
√
mu
ms
bu . (30)
In earlier quark model calculations, bu is treated as a predeter-
mined parameter and taken as the same for all single baryons.
4In the present work, bu for each baryon will be obtained by
minimize the corresponding baryon mass from the model cal-
culation, i.e.
∂
∂bu
〈ΨB | H | ΨB〉 = 0, (31)
which ensures that each single baryon is the solution of the
Hamiltonian of Eq. (25).
C. RGM for NN system
The following Jacobi coordinates are defined to construct
the total wave function of the NN system:
ξ1 = r2 − r1, (32)
ξ2 = r3 −
r1 + r2
2
, (33)
ξ3 = r5 − r4, (34)
ξ4 = r6 −
r4 + r5
2
, (35)
r =
r1 + r2 + r3
3
− r4 + r5 + r6
3
, (36)
with ξ i (i = 1 − 4) being the internal coordinates for two
nucleon clusters, and r bing the relative coordinate of two
clusters.
Following the cluster model calculations [27, 28], the RGM
wave function is written as
ΨNN = A
[
ΨN (ξ1, ξ2)ΨN (ξ3, ξ4)χrel(r)
]
ST
, (37)
with χrel(r) being the trial wave function of relative motion of
two nucleon clusters, and ST being the total spin and isospin
of the NN system. ΨN is the internal wave function of each
single cluster, taken to be the same as that from Eq. (26). The
wave function of total center-of-mass motion is stripped off as
it is irrelevant to the calculation. The symbol A is the anti-
symmetrizing operator for interchange any pair of constituent
quarks between two clusters,
A = 1 −
3∑
i=1
6∑
j=4
Pij, (38)
where Pij is the permutation operator of the ith and jth quarks
that are from different clusters. Substituting ΨNN into the
following projection equation
〈δΨNN | H − (2EN + Erel) | ΨNN 〉 = 0, (39)
with EN and Erel being the inner energy of nucleon and the
relative energy between two nucleon clusters, respectively, one
gets the RGM equation for the unknown relative motion wave
function ∫
L(r, r ′)χrel(r ′)dr ′ = 0, (40)
with
L(r, r ′) = H(r, r ′) − (2EN + Erel)N(r, r ′), (41)
where the Hamiltonian kernelH and normalization kernelN
can, respectively, be calculated by{ H(r, r ′)
N(r, r ′)
}
=
〈 [
ΨN (ξ1, ξ2)ΨN (ξ3, ξ4)δ(r − rNN )
]
ST

×
{
H
1
} A [ΨN (ξ1, ξ2)ΨN (ξ3, ξ4)δ(r ′ − rNN )]ST
〉
.
(42)
In practical calculation, the unknownwave function for two-
cluster relative motion χrel(r) is projected into partial waves,
χrel(r) =
∑
L
1
r
χLrel(r)YLM (rˆ). (43)
For a bound state problem, the L-wave relative wave function
χL
rel
(r) is expanded as
χLrel(r) =
n∑
i=1
ciu
L(r, Si), (44)
with
uL(r, Si) ≡ 4pir
(
3
2pib2u
)3/4
exp
[
− 3
4b2u
(
r2 + S2i
)]
× iL
(
3
2b2u
rSi
)
, (45)
where Si is called the generate coordinate, and iL the Lth
modified spherical Bessel function. The information about
the unknown wave function of two-cluster relative motion is
now exhibited by the coefficients ci’s with properly chosen
values of the generate coordinates. Performing a variational
procedure, one deduces the Lth partial-wave equation for a
bound-state problem,
n∑
j=1
LLijcj = 0, (i = 1, ..., n) (46)
with
LLij =
∫
uL(r, Si)LL(r, r ′)uL(r ′, Sj)rr ′drdr ′, (47)
LL(r, r ′) =
∫
Y∗LM (rˆ)L(r, r ′)YLM(rˆ ′)d rˆd rˆ ′. (48)
Solving Eq. (46), one gets the binding energy and the corre-
sponding wave function of the two-cluster system.
For a scattering problem, the radial part of the relative mo-
tion wave function is expanded as
χLrel(r) =
n∑
i=1
ci u˜
L(r, Si), (49)
5with
u˜L(r, Si) ≡
{
piu
L(r, Si), (r ≤ R0)[
h−
L
(kr) − sih+L(kr)
]
r, (r ≥ R0)
(50)
where h±
L
is the Lth spherical Hankel functions, k is the mo-
mentum of the two-cluster relative motion, and R0 is a cutoff
radius beyond which all the strong interactions can be disre-
garded. The complex parameters pi and si are determined by
the smoothness condition at r = R0 and ci’s satisfy
∑n
i=1 ci = 1.
Performinga variational procedure, the Lth partial-wave equa-
tion for the scattering problem can be deduced as
n−1∑
j=1
L˜Lijcj = M˜Li , (i = 1, ..., n) (51)
with
L˜Lij = K˜Lij − K˜Lin − K˜Lnj + K˜Lnn, (52)
M˜Li = K˜Lnn − K˜Lin, (53)
and
K˜Lij =
∫
u˜L(r, Si)LL(r, r ′)u˜L(r ′, Sj )rr ′drdr ′, (54)
where the RGMkernelLL(r, r ′) is defined in Eq. (48). Solving
Eq. (51), the S-matrix element SL and the phase shifts δL can
be obtained by
SL ≡ e2iδL =
n∑
i=1
cisi . (55)
D. Model parameters
The predetermined model parameters are: (1) the masses
of mesons, which are taken to be their experimental values
except for σ meson, whose mass is treated as a parameter
to be fitted by the binding energy of deuteron and the NN
scattering phase shifts; (2) the cutoff massΛ in the form factor
of Eq. (2), which is taken to be 1100MeV as usual [13, 15–19];
(3) the constituent u, d, s quark masses, which are chosen to
be mu = md = 313 MeV, ms = 470 MeV [9, 13, 15–19]; (4)
the quark and chiral field coupling constant, which is fixed by
the relation
g
2
ch
4pi
=
9
25
m2u
M2
N
g
2
NNπ
4pi
, (56)
with gNNπ taken to be the empirical value g
2
NNπ
/4pi = 13.67.
The left parameters are the coupling constants of OGE, the
parameters in confinement potential, and themass ofσmeson.
They are adjusted to match the baryonmasses calculated at the
minimumsof the Hamiltonian, the binding energy of deuteron,
and the NN scattering phase shifts with their experimental
values. The fitted values of those parameters are listed in
TABLE I. Model parameters. The meson masses and the cutoff
masses: mσ′ = mκ = mǫ = 980 MeV, mπ = 138 MeV, mK = 495
MeV, mη = 549 MeV, mη′ = 957 MeV, Λ = 1100 MeV. The masses
of u(d) quark and s quark are taken to be 313 MeV and 470 MeV, re-
spectively. The strengths of confinement auu , aus , ass are inMeV/fm
for linear confinement and in MeV/fm2 for quadrature confinement,
respectively. The mass of σ meson, mσ, and the constants a
0
uu , a
0
us
and a0ss are in MeV.
Model I Model II
(r conf.) (r2 conf.)
mσ 608 625
gu 1.06 0.98
gs 1.16 1.07
auu 86.5 56.2
aus 90.4 69.3
ass 100.4 101.3
a0uu −51.4 −36.6
a0us −33.4 −25.1
a0ss −12.8 −14.9
Table I, where model I and model II refer to models with
linear and quadratic confinement as presented in Eq. (24),
respectively.
One sees from Table I that the OGE coupling constants
fixed in the present work are a little bit larger than those in
earlier quark model calculations, but they are still qualitatively
consistent with those usually expected in QCD at the squared
momentum transfer Q2 ∼ 1 GeV2, namely αs(Q2 = 1) ∼ 1.
Note that in earlier quark model calculations, the harmonic
oscillator size parameter bu in the Gaussian wave functions
is also treated as a predetermined parameter, and the masses
of all the octet and decuplet baryons are then calculated by
using the same bu as that for nucleon. As mentioned in Sec. I,
the problem in such calculations is that the calculated ener-
gies of singe baryon ground states other than nucleon are not
minimums of the Hamiltonian, contradictory to the variational
principle. Therefore, cautions should be taken when one uses
the same set of parameters to study the BB systems other than
NN . This issue will be further discussed in the next section.
III. RESULTS AND DISCUSSIONS
As shown in Table I, we have nine adjustable model param-
eters, namely the sigma meson mass mσ, the OGE coupling
constants gu and gs , the confinement strengths auu , aus, ass
and zero point energies a0uu , a
0
us, a
0
ss. With the parameter
values listed in Table I, we get the masses of baryon ground
states by variational method of Eq. (31), the deuteron binding
energy by solving Eq. (46), the NN scattering phase shifts by
solving Eq. (51) and calculating Eq. (55).
Table II shows our results for energies and corresponding
size parameters of octet and decuplet baryon ground states.
One sees that our theoretical masses calculated for all baryon
ground states are consistent with their experimental values
6TABLE II. Resulted mass and size parameter of octet and decuplet baryon ground states.
N Λ Σ Ξ ∆ Σ∗ Ξ∗ Ω
Expt. [MeV] 939 1116 1193 1318 1232 1385 1533 1672
Theo. [MeV] 939 1116 1193 1318 1232 1385 1533 1672
bu [fm] (r conf.) 0.474 0.478 0.507 0.487 0.642 0.632 0.615 0.593
(r2 conf.) 0.472 0.473 0.495 0.476 0.588 0.578 0.561 0.540
TABLE III. Binding energy of deuteron (in MeV).
Model I Model II Expt.
(r conf.) (r2 conf.)
−2.215 −2.218 −2.224
in both linear confinement and quadratic confinement mod-
els. One also observes that the size parameters in the Gaus-
sian wave functions of Eq. (29) are quite different for various
baryons, and they are also different in models with linear or
quadratic confinement.
In earlier quark model calculations, the size parameter bu
is treated as a predetermined parameter and it is the same for
all N , ∆ and other single baryons. In our opinion, once the
Hamiltonian is given, the baryon wave functions should be
obtained in principle by solving a Schrödinger equation. Of
course this is impractical due to the complexity of the quark-
quark interacting potential [cf. Eq. (25)]. An approximated
solution could then be obtained by using Gaussians as trial
wave functions and determining the baryon masses and sizes
by variational method. This has, for the first time, been strictly
imposed in the presentworkwithout introducing any additional
parameters compared with earlier quark model calculations
[9, 13].
In Fig. 1 we show our calculated baryon mass as a function
of the variational size parameter bu for each baryon ground
state. One sees that the minimums of the masses of various
baryons are located at different values of the size parameter
bu . For octet baryons, the size parameters resulted from the
linear confinementmodel are close to those from the quadratic
confinement model. While for decuplet baryons, the size pa-
rameters resulted from the linear confinementmodel are much
bigger than those from the quadratic confinement model. This
indicates that the decuplet baryons are much more sensitive
than the octet baryons to the choice of the type of the phe-
nomenological confinement potential. One also observes that
in both models, the size parameters for decuplet baryons are
always much bigger than those for octet baryons, which is dis-
tinct from the earlier quark model calculations in literature,
where the size parameters for all octet and decuplet baryons
are taken to be the same. Under such an assumption, the OGE
coupling constants are claimed to be determined by the mass
differences of N-∆ andΛ-Σ, with the masses of all N , ∆,Λ and
Σ baryons calculated at the same size parameter bu . In these
calculations, one may adjust the parameters in the confine-
ment potential to make the masses of N and Λ stable against
the parameter bu , but then the ∆, Σ and other baryons are
obviously not the minimums of the Hamiltonian, as indicated
by Table II and Fig. 1. When one extends the model from the
study of NN interaction to other BB systems especially when
the decuplet baryons are involved, there might be cases that
one needs to introduce additional channels to lower the energy
of the considered BB system by changing the internal wave
functions of the single baryons. Due caution should be exer-
cised in explaining the configuration structure of any bound
states obtained in such kind of calculations.
Table III shows the binding energy of deuteron calculated
in the present work with a comparison with the experimen-
tal value. One sees that our calculated values in both linear
confinement model and quadratic confinement model are in
good agreement with the data. This can be easily understood,
since in the parameters fitting procedure, we found that this
quantity is rather sensitive to the mass of σ meson, and one
thus can fine tune mσ to make the theoretical binding energy
of deuteron close to the experimental data.
Figures 2-8 show the NN scattering phase shifts and Fig. 9
shows the mixing parameters for NN coupled partial waves up
to a total angular momentum J = 6 calculated in the present
work, where the red solid and blue dashed lines represent
the results calculated in models with linear confinement and
quadratic confinement, respectively. The scattered symbols
are results form SAID’s partial wave analysis [29], with the
full circles representing their single energy analysis and the
empty diamonds representing their energy dependent solution
(SM16). One sees that the overall agreement of our results
with SAID’s partial wave analysis is satisfactory. At least they
are not worse than the earlier quark model calculations, while
in the present work we have put much more strict constraints
on the model parameters.
Figure 2 shows the S-wave NN phase shifts. For 3S1 partial
wave, the theoretical phase shifts are in perfect agreementwith
the data. This channel corresponds to the deuteron quantum
numbers, which means that the coupling to the 3D1-partial
wave caused by the tensor force resulted from OGE and one-
pion exchange is important. Given the size parameter bu for
nucleon determined by variational method of Eq. (31), and
the mass of sigma meson mσ fine tuned to get the deuteron
binding energy, the phase shifts for this partial wave are found
to be automatically in agreement with the data in the present
work. The differences of the phase shifts from the linear con-
finement model and quadratic confinement model are found to
be negligible. For 1S0 partial wave, the calculated phase shifts
represented by the red dotted and blue dash-dotted lines of the
left subfigure indicate that there is a lack of attraction in this
partial wave. It is known that the required attraction in this
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FIG. 1. Baryon mass mB as a function of its variational size parameter bu . Left: model I (linear confinement). Right: model II (quadratic
confinement).
partial wave is supplied by the coupling to the N∆ 5D0 par-
tial wave [9], caused by the tensor force offered by OGE and
one-pion exchange. In the present work, since N and ∆ have
different size parameters, it is rather complicated to perform
a rigorous calculation of the coupling between NN 1S0 and
N∆ 5D0 partial waves in the framework of RGM. Here for the
sake of simplicity, we estimate the effect from this coupling
by calculating the off-diagonal transition matrix elements at
nucleon’s size parameter. The resulted phase shifts are shown
as red solid line (linear confinement model) and blue dashed
line (quadratic confinement model) in left subfigure of Fig. 2.
It is clearly seen that the coupling to the N∆ 5D0 partial wave
improves the NN 1S0 phase shifts significantly. Nevertheless,
there are still noticeable discrepancies in the energy region of
Tlab < 100 MeV, indicating a redundant attraction obtained
from the coupling to the N∆ 5D0 partial wave. A more com-
plete analysis of this partial wave requires a strict calculation
of the coupling of NN 1S0 and N∆
5D0 partial waves in RGM
with the difference of the size parameters bu for N and ∆ been
properly taken into account. Such an investigation requires a
new development of the RGM and is postponed until our future
work.
The P-wave NN phase shifts are shown in Fig. 3. One sees
that the phase shifts for 1P1-wave and
3P1-wave are described
satisfactorily. The 3P0 phase shifts are too attractive, while
the 3P2 phase shifts are a little bit less attractive in the energy
region of Tlab > 150 MeV, indicating the need for a moderate
spin-orbit force, a topic deserving special treatment outside
this general work.
Figure 4 shows the D-wave NN phase shifts. Apart from
the 3D2 partial wave, which seems too attractive in the energy
region of Tlab > 100 MeV, the phase shifts for other partial
waves are described quite well.
The phase shifts for the NN F-wave are shown in Fig. 5.
The 3F3 partial wave is well described. The
3F2 and
3F4 partial
waves are perfectly described in the Tlab < 200 MeV energy
region, and they are a little bit too attractive when Tlab > 200
MeV. The 1F3 partial wave is a little bit too attractive in the
Tlab > 150 MeV energy region.
Figures 6-8 show the results for G, H, I and J partial waves
up to a total angular momentum J = 6. The phase shifts for
all the partial waves are described quite well, except that there
are minor deviations in a few partial waves.
Figure 9 shows the mixing parameters for the relevant NN
coupled partial waves. The coupling of these spin-triplet par-
tial waves are due to the tensor forces stemming from the OGE
and pseudoscalar meson exchanges. One sees that the mix-
ing parameters for all the coupled partial waves considered in
the present work are in good agreement with the experimental
data, except that for the coupling of 3P2-
3F2, which agrees
with data only at very low energies. Note that the phase shifts
for the 3P2 and
3F2 partial waves are not quite well described
in the present work, as shown in Figs. 3 and 5.
In a word, the NN scattering phase shifts for S, P, D, F , G,
H, I and J partial waves up to a total angular momentum J = 6
and mixing parameters for the relevant coupled partial waves
have been satisfactorily described in the present work. Note
that the model has only 9 adjustable parameters as tabulated in
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confinement, respectively. For 1S0 partial wave, the red dotted and blue dash-dotted lines correspond to the results calculated without
considering the coupling of NN 1S0 to ∆∆
5D0 in models with linear and quadratic confinement, respectively. The scattered symbols represent
the results from partial wave analysis of SAID, with full circles denoting the single energy analysis and empty diamonds the energy dependent
solution [29].
Table I. It is known that the confinement potential itself results
in negligible contributions between two color-singlet clusters
[15–18]. Therefore, among these 9 adjustable parameters, only
gu , gs and mσ are relevant to the NN scattering observables.
Since gu and gs have already been determined in fitting the
masses of octet and decuplet single baryons, apart from the
fact that mσ is fine tuned to reproduce the binding energy of
the deuteron, the calculation of the NN scattering phase shifts
for 26 partial waves and mixing parameters for the relevant
coupled partial waves in the present work is almost parameter-
free. With this in mind, it is fair to say that the description of
the NN scattering data in the present work is promising.
In earlier quark model calculations, the couplings of gu ,
gs and the mass of sigma meson mσ are independent of the
choice of confinement type (linear or quadratic) which is as-
sumed to be proportional to the color-color operator as shown
in Eq. (24). There, the masses of all single baryons are calcu-
lated at the same size parameter bu. Of course by doing so the
single baryons other than N and Λ are not minimums of the
model Hamiltonian. In spite of that, the N and ∆ get the same
contributions from the kinematic energy and the confinement
potential, so doΛ and Σ. Then the parameters gu and gs can be
uniquely determinedby themass differences of N−∆ andΛ−Σ
once the quark-chiral field coupling is fixed by Eq. (56) and the
cutoffmass is selected to be around the chiral symmetry break-
ing scale. The parameters in the confinement potential are just
used to make the N and Λ stable against the size parameter bu
and to adjust the matrix elements of Hamiltonian calculated at
bu close to the empirical masses of all single baryon ground
states. Since the gu and gs are independent of the choice of
confinement type, and the confinement potential itself does
not considerably contribute to the NN interaction, the sigma
meson mass mσ determined by fitting the NN scattering data
will then also be independent of the choice of confinement
type. When one extends the model to study other BB systems
composed of two color-singlet clusters, no sizable differences
will be observedwhen different types of confinement potential
are chosen.
The situation is quite different in the present work. One sees
that the parameters gu , gs and mσ are different in linear con-
finement model and quadratic confinement model. The reason
for that is the following. We want to describe the baryon
ground states, the binding energy of deuteron, and the NN
scattering processes in a consistent manner. This requires the
size parameter in the wave functions of each single baryon to
be determined by minimization of the Hamiltonian. As can
be seen in Table II and Fig. 1, the resulted size parameters are
different for different baryons in both the linear confinement
model and the quadratic confinement model. Therefor, unlike
in the earlier quark model calculations, the kinematic ener-
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gies and the confinement potential now also contribute to the
mass differences of N − ∆ and Λ − Σ due to the unequal size
parameters of these baryons. The mass differences remained
for contributions of OGE are thus usually different for linear
confinement model and quadratic confinement model, result-
ing in different OGE coupling constants. The difference of the
parameter mσ is then easy to be understood as it is partially
needed to compensate the difference of the OGE interaction.
All though the parameters gu , gs and mσ are different in
linear confinement model and quadratic confinement model,
one sees from Figs. 2-8 that the NN phase shifts from these
two models are very close. In Fig. 10 we show the diagonal
matrix elements of OGE and the total Hamiltonian in the gen-
erator coordinate method (GCM) calculation for NN 1S0 and
3S1 partial waves, which can be qualitatively regarded as the
effective OGE and Hamiltonian between two clusters. In this
figure, the red solid and blue dashed lines represent the matrix
elements for Hamiltonian in models with linear and quadratic
confinement, respectively. The red dotted and blue dash-dotted
lines correspond to the results for OGE in models with linear
and quadratic confinement, respectively. The horizontal axis
denotes the generator coordinate which can qualitatively de-
scribe the distance between two clusters. One sees that the
interaction of OGE at short range is more repulsive in linear
confinement model than that in quadratic confinement model,
so is the total Hamiltonian. Nevertheless, these two models
result in quite similar NN phase shifts, implying that the calcu-
lated NN phase shifts in the energy region considered are not
that sensitive to the short range interaction. For deeply bound
BB states, one may see difference of the results from these
two models. The OGE and Hamiltonian matrix elements in
the present work are also different from those in earlier quark
model calculations. This to some extent also indicates that
the NN scattering data alone cannot uniquely determine the
parameters in a constituent quark model. To get more reli-
able quark-quark interactions for the extension to study other
BB systems in a parameter-free way, one should constrain the
model by fitting as many data as possible. In this regard, the
present work, which describes the energies of single baryon
ground states, the binding energy of the deuteron, and the NN
scattering phase shifts up to a total angular momentum J = 6
in a rather consistent manner, may be considered as a step in
the right direction.
Using the present model to get predictions for other BB
systems is beyond the scope of the present work. But based on
the parameters listed in Table I and the baryon size parameters
shown in Table II and Fig. 1, it is still possible to make some
interesting arguments without any detailed calculations. As
we all know, the sigma meson exchange contributes attraction
to all baryon-baryon systems. Its mass, mσ, determined in
the present work is 608 MeV in linear confinement model and
625 MeV in quadratic confinement model, both higher than
that used in Ref. [13], 595MeV. For NN system, the attraction
from the σ meson exchange is not reduced in the present work
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since nucleon has a smaller size parameter, bu ≈ 0.47 fm,
compared with bu = 0.5 fm used in Ref. [13]. However,
for decuplet baryons, the size parameters determined by the
variational method in the present work are much bigger than
bu = 0.5 fm. It is then expected that a much smaller attraction
from the σ meson exchange will be obtained in the present
model when study the interactions of decuplet baryons, e.g.
∆∆ or ΩΩ. Detailed investigations of these systems in the
present model are in progress, and the results will be reported
subsequently.
In the present work, the short-range quark-quark interac-
tion is dominated by OGE and quark exchange effects. In the
literature, there are authors who studied the short-range in-
teraction as stemming from vector-meson exchanges on quark
level [13, 30]. As mentioned in Ref. [17], it is still a controver-
sial and challenging problem whether OGE or vector-meson
exchange is the right mechanism or both of them are important
for describing the short-range quark-quark interaction. We
postpone the study of this issue by incorporating the vector-
meson exchanges in the quark-quark interaction Hamiltonian
to our next work.
IV. SUMMARY AND CONCLUSIONS
The aim of the present work is to perform a consistent
description of the masses of single baryons and the NN scat-
tering data by using the same Hamiltonian in a chiral SU(3)
quark model. The considered quark-quark interactions in-
cludes, besides the OGE potential and the phenomenological
confinement potential, the potentials from the nonet scalar me-
son exchanges and the nonet pseudo-scalar meson exchanges
derived from the spontaneous SU(3) chiral symmetry break-
ing. The masses of single baryons are calculated by using the
Gaussian trial wave functions with the size parameters deter-
mined by the variational method, which ensures that all single
baryons are minimums of the model Hamiltonian. The NN
interaction is dynamically investigated by using the resonating
group method. It is found that the calculated masses of the
octet and decuplet baryon ground states, the binding energy
of the deuteron, and the NN scattering phase shifts up to a
total angular momentum J = 6 and mixing parameters for the
relevant coupled partial waves are in satisfactory agreement
with the experiments. The present model may serve as a good
starting point to achieve a consistent and unified description
of the single baryon properties and the baryon-baryon dynam-
ics. Investigations of baryon spectroscopy and the BB inter-
action dynamics for systems other than NN in a completely
parameter-free way within the present model are planned for
our future work.
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